We demonstrate the topological transition of two-dimensional Zak phases of PC slabs by tuning intra-cell distances between two neighboring rods. We also directly observe in-gap onedimensional edge states and zero-dimensional corner states in the microwave regime. Our work presents that the PC slab is a powerful platform to directly observe topological states, and paves the way to study higher-order photonic topological insulators.
Topological insulators (TIs) host robust edge states predicted by the bulk-edge correspondence principle: A d-dimensional (dD) TI with dD insulating bulk states supports (d-1)D conducting edge states [1] [2] [3] . This bulk-edge correspondence principle explains some topological properties, such as the soliton formation in polyacetylene based on the 1D Su-Schrieffer-Heeger (SSH) model [4] and protected gapless edge states in 2D TIs [5, 6] . Recently, the concept of higher-order TIs that do not obey the usual form of the bulk-edge correspondence principle have been introduced [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . For example, a second-order 2D TI has gapped 1D edge states but gapless 0D corner states. After the proposal in electronic insulators, higher-order topological phases have been realized in classical systems without the limitation imposed by the Fermi level. So far, 0D corner states have been observed in second-order insulators with the quantized bulk quadrupole polarization [15] [16] [17] or with the quantized edge dipolar polarization [12, 20, 21] . However, the latter kind of corner states have not been experimentally observed in photonic systems.
Photonic crystals (PCs) are periodic optical structures in which many fancy photonic phenomena such as negative refraction [25] , cloaking effect [26] , and broadband angular selectivity [27] were observed. With tunable geometric structures and controllable band dispersions, PCs provide a good platform to emulate topological behaviors. For example, researchers have successfully observed the photonic analog of quantum Hall, spin Hall, and valley Hall effect in PCs [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . However, most reported 2D topological PCs require a metallic cover in experiment to prevent the radiation of electromagnetic waves into free space. This metallic cover not only complicates the experimental setup, but also hampers the direct mapping of electromagnetic fields. In view of demands, a compact platform without the metallic cover is needed to realize the direct observation of topological states.
Here, we report the direct observation of corner states in second-order topological PC slabs consisting of periodic dielectric rods on a perfect electric conductor (PEC). Our designed PC slab is free of the metallic cover, enabling the direct observation of topological states. Moreover, this structure can not only double the effective height of rods but also possess a full band gap, as compared with free-standing PC slabs. Based on the generalized 2D SSH model, we show that the emergence of corner states roots in the nonzero edge dipolar polarization. We demonstrate the topological transition of 2D Zak phases by expanding or shrinking four dielectric rods in the unit cell. By using near-field scanning measurements, in-gap 1D edge states and 0D corner states are directly visualized.
We consider the free-standing square-lattice PC slab whose unit cell consists of four close-packed dielectric rods with the permittivity of ε = 9.5 in the air [ Fig. 1 The above PC slab is the photonic realization of the 2D SSH model in which the intra-cell distances between two neighboring rods are given by dx and dy [ Fig. 2(a) ]. By considering the first bulk band, the topology of PC slab is given by the 2D Zak phase Z = (Zx, Zy):
the 2D Zak phase is related to the 2D bulk polarization via Zj = 2πPj [24, 38] . For PC slabs with the mirror symmetry along the j direction, Zj is quantized to 0 or π and Zj is related to the symmetry of Bloch modes at the zone center and boundary [39] . As the first bulk state at the Γ point is mirror symmetric, Zx is 0 (π) when the bulk state at the X point is mirror symmetric (mirror anti-symmetric). The topological distinction between PC slabs with different Zj guarantees the existence of edge states. As Zy is 0 for PCS1 while it is π for PCS2 (or PCS3), there are edge states along the x direction for the boundary between PCS1 and PCS2 (or PCS3). To verify this prediction, we first construct the boundary between PCS1 and PCS2 [ Fig. 3(a) ]. We put the source antenna at the left and scan Ez fields [see Fig. S1 ]. By performing the Fourier transform of measured Ez fields, the dispersion of edge states is shown by the bright color in Fig. 3(b) . The measured edge dispersion agrees well with the simulated dispersion marked by the green line. Gapped edge states are confirmed as the dispersion does not cover the whole bulk band gap. In addition, with measured Ez fields at the frequencies of 4.39 GHz (at kx = 0) and 5.18 GHz (at kx = π/a), we can retrieve the eigen-fields of edge states at the zone center and boundary [ Fig. 3(c) ]. Both edge states are mirror symmetric, indicating the zero edge dipolar polarization. To have a nonzero edge dipolar polarization, we consider the boundary between PCS1
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and PCS3 [ Fig. 3(d) ]. We also scan Ez fields [see Fig. S3 ] and obtain the measured edge dispersion which is in good agreement with the calculated dispersion [ Fig. 3(e) ]. Gapped edge states are found but their dispersion curve is different to that in Fig. 3(b) , indicating that they have different features.
To see this, we retrieve the eigen-fields of edge states at kx = 0 at the frequency of 4.41 GHz and at kx = π/a at the frequency of 4.84 GHz [ Fig. 3(f) ]. Edge state at the zone center is mirror symmetric while that at the zone boundary is mirror anti-symmetric. It confirms the nonzero edge dipolar polarization.
The nonzero edge dipolar polarization between PCS1 and PCS3 indicates the existence of corner states. Hence, we construct the experimental sample for observing corner states [ Fig. 4(a) ]. It consists of PCS3 at the center while PCS1 at the background. In experiment, we put a source antenna near the top-right corner. Within the bulk and edge gaps, there is no resonance of corner spectra. It proves the absence of corner states due to the zero edge dipolar polarization between PCS1 and PCS2. More detailed discussion including the presence (absence) of edge states at the top (right) boundary is given in Fig. S4 .
In Note added: During the submission of this manuscript, we found the simultaneous and independent discovery of corner states and higher order topological states in 2D PCs [40] and photonics waveguides [41] . 
